Context. The timing and synchrony of births are important components of fitness among ungulates living in seasonal environments.
growth rates and are less likely to survive Côté and Festa-Bianchet 2001) . However, the birth peak is largely predetermined by the timing of oestrus and hence conceptions (Langvatn et al. 2004) . To maximise fitness, the mating season must therefore be adaptively adjusted to anticipate and synchronise the most favourable nutritional conditions with the period of elevated energetic demands around parturition and lactation, taking into account gestation length and plant phenology (Oftedal 1985; Albon and Langvatn 1992; Gaillard et al. 1993b; Owen-Smith and Ogutu 2013) .
Photoperiod is the proximate cue governing the seasonality of breeding of ungulates inhabiting higher northern latitudes (Bronson 1985; Bradshaw and Holzapfel 2007) and births are narrowly concentrated within 2-3 weeks for most species (Guinness et al. 1978; Gaillard et al. 1993b; Adams and Dale 1998) . However, in tropical latitudes, there is less seasonal variation in daylength for this cue to operate (Spinage 1973; Wittemyer et al. 2007b) , except in subtropical savannas where photoperiod may still be influential. In savanna environments, rainfall exerts the primary control over vegetation growth, and hence forage production for herbivores (Rutherford 1980; Deshmukh 1984) . It is less predictable in its seasonal variation than is the temperature oscillation governing plant phenology in temperate and arctic regions Post and Stenseth 1999) . This raises fundamental questions about the relative contributions of conditions preceding mating compared with those around the time of births, in controlling reproductive patterns.
All of the larger tropical ungulates can be regarded as 'capital breeders' (Jönsson 1997; Andersen et al. 2000; Stephens et al. 2009) in the sense that the carryover of stored body fat contributes towards supporting the peak nutritional requirements associated with late pregnancy and early lactation (Sinclair and Duncan 1972; Duncan 1975; Dunham and Murray 1982) . The physiological capacity of mothers to meet this demand depends most strongly on the nutritional quality of the forage available during this period, reducing the subsidy needed from body reserves (Parker et al. 2009 ). However, fertility depends on fat reserves earlier in the year when conceptions occur (Thomas 1982; Albon et al. 1986; Cook et al. 2001 ). Whether or not stored reserves exceed the threshold fat level is most critical for primiparous females, influencing the age at first reproduction (Thomas 1982; Jorgenson et al. 1993) . Body condition in the mating season depends on food availability over some prior period, governing the build up of fat reserves.
Despite the lack of much potential for photoperiodic control (Spinage 1973; Wittemyer et al. 2007b) , African ungulates such as topi (Damaliscus lunatus), warthog (Phacocoerus africanus) and wildebeest (Connochaetes taurinus) typically show narrow birth peaks even in the tropics, whereas others, such as waterbuck (Kobus ellipsyprimnus) and giraffe (Giraffa camelopardalis), reproduce aseasonally even in southern Africa (Skinner et al. 2002; Moe et al. 2007; Ogutu et al. 2010) . Other species such as impala (Aepyceros melampus) and hartebeest (Alcelaphus busephalus) show different patterns in different parts of Africa (Gosling 1969; Murray 1982) . Mechanisms underlying these contrasting reproductive patterns remain poorly understood. In African savannas, the highest forage quality for grazing ungulates occurs shortly after the commencement of the rains, before grass parts have built up much structural fibre (Boutton et al. 1988a; Owen-Smith 2008) .
In the Mara-Serengeti in particular, the alternation of wet and dry seasons determines seasonal changes of biomass and nutrient concentrations in the herb-layer vegetation. The nutrient concentration and digestibility of live grasses, forbs and sedges peak just after the short rains in December, with a minor peak in mid-March at the beginning of the long rains (Boutton et al. 1988a) . The maximum nutrient standing stocks occur during late May to early June, corresponding to the peak in plant biomass (Boutton et al. 1988a) . During April-June, most of the new vegetation has matured and increased the structural carbohydrate content of secondary cell walls. This lowers nutritional quality by diluting nutrient concentrations (Boutton et al. 1988a; Georgiadis and McNaughton 1990) . Grass biomass peaks in June, following the long rains, whereas the minimum plant biomass occurs in February (Boutton et al. 1988b ) because of consumption by herbivores. Temperatures are high throughout the year, so primary production is limited mainly by rainfall.
The optimal time for births should thus be early in the wet season, meaning that the conception peak should occur about or shortly after the end of the wet season for medium-large ungulates, typically with a gestation period of 7-9 months. Synchrony with the seasonal cycle becomes more difficult or less narrowly constrained for very large ungulates, with gestation periods of 12 months or longer (Kieltie 1988; Owen-Smith 1988; Owen-Smith and Ogutu 2013) . African ungulates are therefore thought to have evolved such that births peak at the onset of the wet seasons with abundant food supply of high quality. So, if some females conceive later in the breeding season during droughts, then this would disrupt breeding patterns in consecutive years by delaying the birth peak since the latebreeding females would still have dependent calves during the next mating season. This is distinct from late births by primiparous females or those by females that lose their calves early in the breeding cycle in normal years. Females that fail to conceive in drought or flood years or lose their calves early are more likely to be in high condition early in the next mating season because they have incurred less energy loss by not having supported a calf. Inadequate nutritional quality is likely to be associated not only with droughts but also with excessive rainfall because such high rainfall promotes taller grasses with more structural fibres and hence low nutrient concentrations (Boutton et al. 1988a; Georgiadis and McNaughton 1990) .
A fundamental question, therefore, concerns the extent to which variation in rainfall conditions before the mating peak affects the timing of conceptions, and hence of the subsequent birth peak. Conditions pre-conception affect fertility such that malnutrition plus the costs of supporting offspring can delay the stage at which females have accumulated sufficient fat to conceive or carry pregnancy to term. This is crucial because conception requires a certain threshold in body condition (du Plessis 1972; Grimsdell 1973; Prins 1996; Ryan et al. 2007 ), which may not be reached in severe drought years, and hence adequate nutrition to transcend the threshold. Adequate maternal body condition is therefore, unsurprisingly, the likeliest determinant of oestrous cycling and ovulation among mammalian herbivores (Gaillard et al. 1993a; Beehner et al. 2006; Moe et al. 2007; Ogutu et al. 2010) . Poor nutrition during gestation can also restrict maternal allocation to fetal growth, leading perhaps to delayed births or to offspring born suboptimal in mass (Bowyer 1991; Nefdt 1996; Hass 1997; Gogan et al. 2005) with poor survival prospects (Clutton-Brock et al. 1982; Keech et al. 2000) .
We investigated the effects of rainfall variation on interannual variation in the timing, synchrony and prolificity of births for six African ungulate species inhabiting an equatorial savanna with bimodal rainfall. We expected that birth peaks would be associated with the early rains, when forage quality is the highest, allowing for some variation in the precise timing between shortgrass grazers and tall-grass grazers. Correspondingly, mating should occur during or at the end of the late rains when forage quantity reaches its peak. Alternatively, if conditions preconception are overriding in deciding when births peak, then the mating period should vary among years in correspondence with interannual variation in the seasonal distribution of rainfall, and birth period should vary among species because of differences in gestation time. Consequently, we expected that reproductive success, as reflected by apparent fecundity (indexed by number of calves/number of adult females), would be influenced by the amount of rainfall received over the wetseason months preceding conceptions, via its effects on maternal body reserves, and hence on apparent fertility, fetal growth, viability and mortality. Apparent fecundity can also be influenced by the rain falling in the early wet-season months, just before and during the birth peak, through its effect on maternal nutrition during this crucial period. We also considered the quantitative carryover of forage from the wet season through the dry season, dependent largely on the late wet-season and the early wet-season rains affecting fertility. We compared the patterns shown by these tropical populations with those reported in the literature for populations of the same and other ungulate species inhabiting subtropical latitudes where rainfall is unimodal and shows wider seasonal variation, so as to assess the relative influences of (1) hider versus follower young, (2) digestive physiology (ruminant or non-ruminant) and (3) gestation length. We expect predation on newborns to modify the timing of births determined by rainfall variation to be more synchronised for species with young that follow their mothers immediately after birth, than for species that hide their young (Estes 1976; Rutberg 1987; Testa 2002; Post et al. 2003; Moe et al. 2007 ). This analysis extends those by Ogutu et al. (2010 Ogutu et al. ( , 2011 in four respects. First, we consider four additional species, including three aseasonal breeders. Second, the six ungulate species span a broader spectrum of the hider-follower dichotomy, digestive physiology and gestation length than the two considered by Ogutu et al. (2010) . Third, we emphasise interspecific contrasts between populations in subtropical southern Africa with unimodal and East Africa with bimodal rainfall in the discussion section. Last, we generalise the approach for estimating the timing, synchrony and fecundity of breeding proposed by Ogutu et al. (2010) to allow simulataneous modelling of the population-averaged and birth year-specific distribution of fecundity rates. The specific hypotheses and predictions we test are summarised in Table 1 . Monthly rainfall was averaged over 15 gauges distributed over the study area. Rainfall is bimodal (Ogutu et al. 2008a -94 (March 1993 -February 1994 -97 (October 1996 -March 1997 ) and 1999 (May 1999 -October 2000 and a mild (25-50%) drought in 1991-92 (July 1991-January 1992, Fig. 1 ). Extreme (>90%) floods associated with the strongest recorded ENSO episode occurred in November 1997-May 1998 (Ogutu et al. 2008a) .
Materials and methods

Study area and rainfall
The quarterly rainfall components also showed considerable interannual variation. Thus, the early wet-season rainfall was well below the 25th percentile of its frequency distribution during 1965-2003 in four drought years, but was exceptionally high (>90%) during three very wet years (Fig. 1) . Furthermore, the late Synchrony of births should be higher during years of good (above average but not excessive rainfall) than years of low rainfall. H 4 Synchrony of births for females of species with follower young should be higher than that for females with hider young to reduce the higher risk of predation on neonates of follower species. H 5 Large species with longer gestation times should have less synchronised births than do the smaller species.
wet-season rain exceeded its 75th percentile five times but dropped below the 25th percentile twice during 1965-2003 ( Fig. 1) . Likewise, the early dry-season rainfall was notably high (>50%) in five birth years, but was remarkably low (<25%) in three other years ( Fig. 1) . Last, whereas six birth years received notably high (50-90%), four others received unusually low (<25%) late dry-season rainfall (Fig. 1 ).
Ungulate population size and demography
The Masai Mara Ecological Monitoring Program undertook monthly vehicle counts of large herbivores from July 1989 to December 2003. The reserve was partitioned into three census blocks separated by major rivers and roads, each of which was traversed by one long, fixed transect. The transects collectively sampled 29.4% (450.4 km 2 ) of the 1530 km 2 Mara reserve and are described in detail in Ogutu et al. (2008b Ogutu et al. ( , 2009 . Counts were missing for 17 months, distributed irregularly over eight calendar months and 9 years, and on some transects during another 6 months.
In the Mara-Serengeti, warthog, topi and hartebeest are resident grazers, zebra is a migratory, non-ruminant grazer, impala a resident mixed grazer-browser, and giraffe a resident browser. The months of conception were estimated by backdating recorded birth months by the gestation lengths of the six species, as follows: warthog (Phacochoerus africanus) -5.5 months, impala (Aepyceros melampus) -6.5-7 months, Coke's hartebeest or hartebeest (Alcelaphus buselaphus cokei) -8 months, topi (Damaliscus lunatus korrigum) -8 months, zebra -12 months and giraffe -15 months (Western 1979) . Topi young go through a hiding stage before following their mothers, zebra has young that are followers from birth, impala lambs follow their mothers a few days after birth, hartebeest calves hide for about 2 weeks, warthog piglets remain mostly in holes for a few weeks after birth, before following the mother all day, whereas giraffe calves lie out away from their mothers for 1-3 weeks after birth (Cumming 1975; Estes 1991; Skinner and Chimimba 2005) . The modal distance between giraffe mothers and their calves for the first 2 weeks is 11-25 m in Mara-Serengeti (Langman 1977; Pratt and Anderson 1982) . The young are weaned after 4 (topi, warthog, impala and kongoni), 11 (zebra) or 12-17 (giraffe) months, meaning that the nursing and conception periods may overlap (Kingdon 1989 (Kingdon , 1997 Bercovitch et al. 2004) . Females reach sexual maturity and conceive after 1-2 (impala, warthog), 1.5-2.5 (topi, hartebeest), 3.4-4.4 (zebra) or 4-5 (giraffe) years (Boshe 1981; Fairall 1983; Sommers and Penzhorn 1992; Georgiadis et al. 2003) . Some precocious topi, warthog, impala and hartebeest females first conceive at 1.5 years and give birth at 2 years, but most females first reproduce at 3 years. 
Ungulate reproduction and varying rainfall Wildlife Research
Impala is a seasonal breeder in southern Africa, but has two breeding peaks in East Africa. In South Africa, immature males are tolerated in female herds in the months following the rut. In East Africa, territories are defended year-round and territory holders do their best to enforce segregation, with males more than 4-6 months forced to join bachelor herds. More intense sexual competition among East African impala individuals as a result of the secondary breeding peak has been credited with the development of larger horns in the East African populations.
A combination of body size, coat colour, horn length and shape was used to group juveniles into size categories (newborn, quarter, half, yearling and three-quarter size classes) during the counts. Newborns were estimated to be <1 month old and often had an umbilical chord still attached and no visible horns. Approximate ages in months of juveniles of each species in each size category are reported by Ogutu et al. (2009 Ogutu et al. ( , 2011 . Excluding newborns and quarter-grown males, animals were sexed on the basis of the presence, size and shape of horns and other secondary sexual characters. Warthog and zebra were not sexed because it was too time-consuming to do so reliably in the field. Animals were highly visible because of open grasslands (Ogutu et al. 2006) , reducing chances of misclassification into age and sex categories. The monthly fecundity rate for each species was estimated as the total number of newborn animals counted in each month, divided by the corresponding total number of adult females (impala, topi, hartebeest and giraffe) or adults of both sexes (zebra and warthog), following Sinclair et al. (2000) . Because of difficulties in reliably distinguishing fully grown adults, the adult class included three quarter-size animals (hartebeest, topi, giraffe), or adult plus yearling and threequarter classes (impala, zebra and warthog). As a result, the estimated fecundity rates are biased downward from their true values for the mature-female segment. Thus, the fecundity rates should be viewed as apparent fecundity rates because of the biases incorporated. Bonenfant et al. (2005) warned against using calf-cow ratios obtained from observations of unmarked animals because they can lead to biased estimates of recruitment if detectability is unequal among animals, and potentially confounding effects of variation in age structure. However, marking such an enormous number of wide-ranging animals in an expansive ecosystem such as the Mara-Serengeti was financially, logistically and legally impractical. Nevertheless, we expect the massive number of monitored animals to yield fecundity rates that reliably reflect the true underlying fecundity rates, as has been similarly assumed by other research teams (e.g. Sinclair et al. 2000) .
Statistical models and analyses
Prior to analysis, the few missing counts were imputed separately for the newborn and adult age classes using the transect-specific seasonal state-space model of Piepho and Ogutu (2007) . The count total of newborn (#Newborn) per adult female or all adults (#Females) born in the ith month of the jth birth year was then modelled using the generalised randomcoefficients regression model on the log-link scale as a quadratic function of month (m ij )
where E(.) denotes the expected value.
The birth-year-specific random intercept (a j ), linear (b j ) and quadratic (g j ) slopes were modelled as
where m a , m b and m g are the population-averaged intercept, linear and quadratic slopes of the regession of fecundity rate on birth month, respectively. Moreover, a j , b j and c j are the birthyear-specific random deviations from the population-averaged intercept, linear and quadratic slopes of the regression of fecundity rate on birth month, respectively, assumed normally distributed, with zero means and the unstructured variance-covariance matrix.
The number of newborn calves is assumed to follow the negative binomial distribution. The logarithm of the number of adult females was specified as an offset to derive numerical estimates of fecundity rates.
The generalised linear mixed models (GLMMs) were fit in the SAS GLIMMIX procedure (SAS Institute 2013; SAS code, available as Supplementary material for this paper), using the restricted subject-specific pseudo-likelihood approach (option method = RSPL). The pseudo-likelihood estimation method (PL) we used with the negative binomial distribution may yield biased parameter estimates when used with (1) binary data if random effects are many or have large standard deviations, (2) binomial data if expected numbers of successes and failures for each observation are both less than five or (3) with Poisson data if the mean number of counts per treatment combination is less than five (Bolker et al. 2009; Kim et al. 2013 ). Although we estimate only parameters and use them to calculate derived parameters, it is noteworthy that the PL method does not compute a true likelihood, which is required for likelihood-based inference (e.g. hypothesis testing). We could not use either the Laplace approximation that approximates the true GLMM likelihood or the Gauss-Hermite quadrature, that is even more accurate, and are supported in SAS PROC GLIMMIX for several reasons. The Laplace approximation requires a valid conditional distribution and does not permit specification of covariance parameters in the residual variance-covariance matrix, such as parameters for estimating overdispersion. The marginal variances needed for some of the model diagnostics we used also could not be computed with the Laplace approximation (SAS Institute 2013). Yet, the model diagnostics clearly supported accounting for overdispersion for giraffe, impala, zebra and hartebeest. The quadrature method imposes even more restrictions on the models for which it can be used to estimate parameters. Even so, we tried estimating model parameters for topi and warthog for which overdispersion was not required but the iterations stopped at the initialisation stage in each case because of floating-point overflow.
For zebra, hartebeest, impala and giraffe, allowing for overdispersion in the number of newborn calves improved the model fits. The model for impala improved further when the overdispersion parameter was allowed to vary among four groups of years with differing rainfall amounts. The four groups of years were characterised as drought years (1993, 1997, 1999 and 2000) , average years (1989, 1990, 1991, 1992, 1995, 1996 and 1994) , very wet years (2001, 2002 and 2003) and flood years (1998). Model fit was assessed visually by inspecting plots of the (1) studentised marginal and conditional residuals versus the linear predictor, (2) empirical versus the expected normal quantiles of the residuals, (3) histogram of the residuals superimposed on the normal density function, (4) box-whisker plots of the residuals and (5) influence diagnostic plots. Ogutu et al. (2010) demonstrated an equivalence relation between the quadratic curve on the logarithmic scale fitted to the distribution of fecundity rate across months separately for each birth year and the Gaussian curve on the observed scale. Model (1) extends the model of Ogutu et al. (2010) to fit quadratic curves to fecundity rates for all the 14.5 birth years simultaneously using random intercept, linear and quadratic slopes in birth month. The model enables estimation of the parameters of the population-averaged and birth year-specific quadratic curves of expected fecundity rates across birth months.
We estimated the month of the birth peak for the jth birth year analogously to Ogutu et al. (2010) aŝ
and its variance by the delta-method as
where var(b j ) is the variance of the random linear slope estimate for the jth birth year, var(ĝ j ) is the variance of the random quadratic slope estimate for the jth birth year and cov(b j ,ĝ j ) is their covariance. The standard error off j was then computed as
The synchrony or spread of births in the jth birth year was estimated as (Ogutu et al. 2010) 
The peak apparent fecundity rate for the jth birth year was computed asq
where,â j ,b j andĝ j are defined as for Eqn 1. The estimates of the timing of annual birth peaks (f j ), birth synchrony (ŝ j ) and peak apparent fecundity (q j ) were used to test hypotheses (H 1 , H 3 , H 5 ) by assessing their (1) interannual variability, (2) interspecific differences, (3) narrowness and (4) relationship with rainfall.
Also, we calculated the total number of calves divided by the total number of females for each breeding quarter and summed them over the four quarters in each birth year to calculate the annual calf production.
Last, to establish how rainfall influences interannual variation in the phenology and synchrony of births and peak apparent fecundity, we used linear regression analysis to relate the deviations in the estimated timing of birth peaks, birth synchrony and peak fecundity from their population-averaged values to the annual, seasonal (wet and dry seasons) and quarterly (early wet, late wet, early dry and late dry seasons) rainfall components for the current and the preceding birth year. We considered only single rainfall components in the regressions because of high correlations between the different components and the small number of observation years (n = 14).
Results
In total, 9672 newborns of all species, 152 018 adult female topi, impala, hartebeest and giraffe individuals and 245 587 adult warthog and zebra individuals of both sexes were recorded in the Masai Mara National Reserve from July 1989 to December 2003 (Table 2) . The quarterly distribution of births showed that the majority of young were born during October-March. It also showed that apparent fecundity tended to increase during wetter years, and decline during or following droughts or exceptional floods (Fig. 2) . Most topi and warthog young were born during October-December, with a few being born during the early dry season (July-September) and even fewer still during the late wet season (April-June; Fig. 2a, b) . In contrast, zebra, hartebeest, impala and giraffe young were born during October-March, but with relatively more hartebeest, impala and giraffe calves than zebra foals being born either during the early dry or late wet seasons (Fig. 2c-f ) .
The timing of birth peaks, birth synchrony and annual fecundity for all the six species varied markedly between years during 1989-2002 (Table 3 , Figs 3a, 4, S1-S5, available as Supplementary material for this paper). The timing of annual birth peaks varied interannually by as much as 2.1, 3.0, 6.4, and 9.7 months for hartebeest, zebra, impala and giraffe, respectively (Table 3 , Figs 3a, S2-S5). For topi and warthog, the corresponding variation was less, only 1.6 and 2.1 months, respectively (Ogutu et al. 2010; Table 3, Figs 3a, 4, S1) . Zebra birth peaks were delayed by up to 0.9 months following droughts caused by poor dry-season rainfall, whereas they were not delayed following droughts caused by low wet-season rainfall.
But timing of zebra births was advanced (range 0.9-2 months) in years following heavy dry-season rainfall or heavy floods (Table 3, Figs 3a, 5a, S2 ). Zebra birth peak was most dramatically delayed, by up to 1.0 month, in birth years that received the highest dry-season rainfall (Table 3, Figs 3a, 5a, S2 ). The timing of hartebeest birth peak was substantially delayed (range 0.2-0.5 months) in drought years, but was advanced (range 0.8-1.6 months) in birth years with high, or in those preceded by high late wet-season rainfall (Table 3, Figs 3a, 5a, S3 ). Impala birth peaks were delayed (range 0.7-3.5 months) in years with low early dry-season rainfall, but were advanced (range 2.2-2.9 months) during birth years with high early dry-season rainfall (Table 3, Figs 3a, 5a, S4 ). Giraffe births were also delayed (range 1.2-5.1 month) during birth years with low, or during those preceded by low late wet-season rainfall. Giraffe births were, however, notably advanced (range 0.8-4.6 months) in birth years preceded by high late wet-season rainfall (Table 3 , Figs 3a, 5a, S5).
Synchrony of births also varied considerably among both years and species. Topi births were least synchronised in droughts with low, but were most synchronised in birth years with high late dry-season rainfall (Table 3 , Figs 3b, 4) . Warthog births were least synchronised in birth years preceded by low, but were most synchronised in years preceded by high late wet- 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 2 0 0 1 2 0 0 2 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 2 0 0 1 2 0 0 2 Fig. 2 . The cumulative fecundity rate calculated as the sum of the total number of newborn calves divided by the total number of adult females (or adults of both sexes for warthog and zebra) counted in each quarter of each year for (a) topi, (b) warthog, (c) zebra, (d) hartebeest, (e) impala and ( f ) giraffe.
season rainfall (Table 3 , Figs 3b, S1). Zebra births were most synchronised in birth years preceded by high late wet-season rainfall, but were most spread out in years preceded by low late wet-season rainfall (Table 3 , Figs 3b, S2). Hartebeest births were most synchronised in birth years preceded by low late wet-season rainfall, but were most widely spread out during years preceded by high late wet-season rainfall (Table 3, Figs 3b, S3 ). Impala births were most highly synchronised during birth years with mild droughts (Table 3, Figs 3b, S4 ), but were most dispersed during years with high rainfall. Giraffe births were most synchronised in birth years with high current late dry-season rainfall, but were least synchronised in years in which this rainfall component was low. This indicates protracted and prolific breeding, following fewer births or reduced calf survival in drought years (Table 3 , Figs 3b, S5) . Synchrony of breeding in giraffe was most sensitively responsive to the current late dryseason rainfall.
Interannual variation in peak fecundity differed among species, suggesting differential sensitivity to variation in different rainfall components. Peak fecundity rate was the lowest in droughts, and the highest in years with high rainfall for topi. Peak fecundity rate for warthog was most pronounced in birth years with high current late wet-season rainfall, but least pronounced in years with less rainfall. Peak fecundity rates for zebra, hartebeest, impala and giraffe were highest in birth years preceded by low, but lowest in years preceded by high, late wetseason rainfall (Table 3 , Figs 3c, 4, S1-S5).
The timing of births and birth synchrony varied with rainfall for all the species. Births peaked earlier in wetter years, but were delayed in dry years, as indicated by the relationships between the timing of peak births and (1) the current early wet-season rainfall for topi, (2) the preceding early dry-season rainfall for warthog and dry-season rainfall for zebra, (3) the preceding late wetseason rainfall for hartebeest and giraffe, and (4) the current early dry-season rainfall for impala. Giraffe births were also advanced in years with high current late dry-season rainfall (Tables 4, S1, Fig. 5a ). On the basis of separate analyses of the data for individual birth years, Ogutu et al. (2010) identified the current wet season as the rainfall component exerting the greatest influence on timing of births in topi and warthog.
Synchrony of births increased significantly with increasing rainfall in the (1) current late dry season for topi and giraffe, (2) preceding late wet season for warthog and zebra and (3) preceding early wet season for impala. Zebra births also became less synchronised in years preceded by higher early wet-season rainfall (Tables 4, S1, Fig. 5a ). Impala birth synchrony also increased with increasing current late wet-season rainfall, but decreased with increasing prior late wet-season rainfall. For hartebeest, birth synchrony decreased with increasing rainfall in the preceding late wet season, implying that births became more protracted if the prior wet-season rainfall had been high (Tables 4, S1 , Fig. 5a ).
Peak fecundity increased with rainfall in the current wet season for topi and the current late wet season for warthog. But it decreased with increasing rainfall in the preceding late wet season for zebra, hartebeest, impala and giraffe (Tables 4, S1 , Fig. 5b ). Peak fecundity was also correlated with other rainfall components, although these were less supported (Tables 4, S1, Fig. 5b ). Peak fecundity increased with increase in the rainfall in (1) current annual and late dry season (topi), (2) preceding early wet season (hartebeest), (3) current late wet season (impala) and (4) current early dry season (giraffe). But peak fecundity decreased with increase in the (5) current early dry-season (warthog), preceding dry and current early dry-season (zebra) rainfall (Tables 4, S1 , Fig. 5b ).
Discussion
We tested predictions of hypotheses concerning the influence of rainfall variation on interannual variation in the timing, synchrony and prolificity of births among African ungulates (Table 1) , using data collected on six species inhabiting an equatorial savanna with bimodal rainfall from 1989 to 2003. We compared the established patterns with those for the same and other species elsewhere in Africa, with an emphasis on subtropical southern Africa with unimodal rainfall. The hypothesis that births are timed to coincide with the early rains when forage quality is maximal (H 1 ) was supported for topi, warthog, hartebeest, impala and giraffe, with birth distributions that peaked during the short rains in October-December. The same was true for zebra, with peak births in the early part of the long rains in January-March when plant growth is most vigorous (Prins and Beekman 1989) and grasses are most nutritious (Boutton et al. 1988a; Georgiadis and McNaughton 1990) . These patterns suggest that mating periods are associated, at least partially, with the wet-season rains when forage quality and availability are high. Even so, the birth peaks for zebra, hartebeest, impala and giraffe were less marked because these species gave birth in all the months. Births were most synchronised for topi and warthog, although still occurred in most months of the year, except April-June when births were either extremely rare or did not occur at all. These patterns imply that the six ungulate species are able to satisfy their nutritional and energetic demands of reproduction during most of the year in the Mara-Serengeti, because of, at least in part, a bimodal rainfall pattern, a high diversity of plant species with strong interspecific distinctions in phenology (Prins 1988 ) and selective feeding tactics.
We expected years with low or late onset of rainfall to have correspondingly low or delayed onset of forage production, and hence delayed births and reduced peak fecundity. By contrast, we anticipated extreme floods to increase forage production but reduce forage quality through dilution of plant nutrients with fibres, thereby also lowering fecundity (H 3a ). We found that births occurred earlier and over a shorter period (except for hartebeest) in rainy years or years preceded by high rainfall. Only hartebeest had more protracted births in years preceded by high late wetseason rainfall. This supports H 2 , H 3a and H 3b . In particular, the extreme 1997-98 ENSO floods created a period of unusually high primary productivity in the Mara in November-December 1997 and January-May 1998 ( Fig. 1 ; Ogutu et al. 2008a ). This major perturbation in the vegetation productivity cycle strongly influenced the timing of births and peak fecundity. It also advanced the onset of births in 1997-98 for hartebeest and impala, in 1998-99 for zebra and giraffe, and in 1998 for topi and warthog, both of which started calving a month earlier than usual in July (Ogutu et al. 2010) , thus providing further support for H 3a . More births occurred in the peak birth months in years with high or in those preceded by high rainfall for topi and warthog, supporting H 3a . The remaining species had fewer births in the peak birth month in years with high or in those preceded by high rainfall, indicating wider spread of births in these years. The relatively low peak-fecundity rates recorded for 1989 and 1998 suggest lowered forage quality and/or disruption of breeding caused by the excessive rainfall in 1988 and 1997-98 (H 3a ). The early birth peaks in 1989 (zebra, hartebeest and giraffe) and in 1998 suggest that the ungulates capitalised on the nutritious forage available at the early stages of the extreme rainfall events to build up body condition and conceive. This indirectly supports H 2 . The Ngorongoro and Serengeti wildebeest also bred a month earlier than usual following the extreme 1997-98 El Niño rains. This suggests that (1) the higher than usual nutrition around the time of conception and before the grasses had matured was the likeliest driver and that (2) rainfall affects the timing of births through its effect on the timing of conceptions.
In contrast, poor rains associated with low plant productivity occurred in the Mara during the ENSO droughts of 1993 and 1999-2000. Both droughts resulted in delayed, less synchronised and fewer births among the ungulate species, as expected by H 3a and H 3b . Hence, births were delayed and more dispersed in drought years (or the following year) with scarce and lowquality forage. The failure of many females to conceive as a result of insufficient nutrition, abortion or loss of calves during droughts can result in high reproductive outputs when conditions improve. This was evidenced by the high fecundity rate for warthog, zebra, hartebeest, impala and giraffe in 1994 and for warthog, hartebeest and giraffe in 2000. These findings agree with the early, more synchronised and prolific breeding reported for wildebeest in the Kenyan Nairobi Park (Talbot and Talbot 1963; Gosling 1969 ) and the Tanzanian Ngorongoro Crater (Estes 1976 ) during the exceptionally heavy rains of 1961-62 that followed late, less synchronised and less prolific calving during the severe drought of 1960-61. In all cases, the early onset of births was evidently associated with the early onset of rainfall, even if the poor prior breeding success might have been the main influence underlying the high prolificity of calving. This is likely to have improved maternal body condition around the time of conception as predicted by H 2 . This association is reinforced by the observations that females begin reproducing at an earlier age at low population density or when well fed, than they do otherwise (Verme 1965; Estes 1976; Post 2003) . Early onset of births and peak birth date during very wet years and late onset of births and peak birth date during severe droughts have also been noted for South African buffalo 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 2 0 0 1 2 0 0 2 ( Ryan et al. 2007) , impala (Moe et al. 2007) , Cape mountain zebra (Penzhorn 1985) and other ungulates (Fairall 1968) ; Mara topi and warthog (Ogutu et al. 2010) and for the desert bighorn sheep (Ovis canadensis, Hass 1997) . The large interannual differences we observed in the timing of births are unlikely to be due to advancement or retardation of fetal growth alone rather than to variation in the conception date, because gestation length is physiologically constrained and less likely to vary by more than a few days (Berger 1992; Clements et al. 2011) . These observations further reinforced predictions of H 2 , H 3a and H 3b . Because parturition, and hence conception dates for all the six species were delayed in dry years and advanced in rainy years, our results support the notion that forage quality before and during conception is essential for ungulates to track interannual variation in forage quantity and quality (H 2 and H 3a ). As with the Mara ungulates, delayed timing of food availability or the growing season similarly delays the timing of conception and, hence, births in Kafue lechwe antelope (Kobus leche kafuensis, Nefdt 1996) , mule deer (Odocoileus hemionus, Bowyer 1991) and bison (Bison bison, Gogan et al. 2005) . Hence, temporal variation in plant quality about the time of birth is the paramount although not the sole predictor of the timing and synchrony of births among equatorial African ungulates. This supports the role of nutritional quality/quantity requirements around parturition, but with proximate influences from earlier rainfall conditions about the time of conception. Accordingly, delayed rainfall during the peak rutting period is associated with delayed onset, whereas early rainfall is associated with advanced onset of the rut in African ungulates, including wildebeest (Talbot and Talbot 1963; Estes 1976 ) and topi (Bro-Jørgensen 2001) . Rainfall influences on timing of the rut thus affects timing of parturition, consistent with H 2 .
Moreover, the interannual variations in the phenology, synchrony and prolificity of births were all related to interannual variation in rainfall (H 3a and H 3b ). It follows that spatial and temporal variations in plant production, phenology and quality arising from similar variations in rainfall and environmental conditions in savannas are likely to contribute to spatio-temporal variations in timing and synchrony of births within and between populations of African ungulates. Among northern ungulates with narrowly seasonal births, conception date also varies among species to ensure that young are born under the most auspicious conditions, with the optimal period being early spring with high-quality nutrition (Aitken 1974) .
As in temperate regions, delayed parturition such as occurred in the Mara as a result of the recurrent droughts, can reduce calf survival (Clutton-Brock et al. 1982; Keech et al. 2000) and the reproductive success of calves that do survive (Green and Rothstein 1993; Festa-Bianchet et al. 2000) . Calves born well after forage begins to decline may lag behind calves that are born earlier because nutritional deficiency exerts greater negative effect on younger than on older calves (Cook et al. 2004) .
In particular, late birth dates for female calves can increase the probability of reproductive failure as an adult such that females born early in the calving season are more fecund than those born later, for up to 9 years of life (Green and Rothstein 1993) . Also, the effect of nutritional deprivation on milk yield on neonatal survival can be rapid and substantial (Loudon et al. 1984; Oftedal 1985) . Not surprisingly, inadequate nutrition, such as occurred in the Mara during droughts, elevates calf mortality, and induces reproductive pauses or failures among African ungulates (Gosling 1969; Walker et al. 1987; Moss 2001) . Thus, high calf losses during droughts have been documented for bontebok (Damaliscus dorcas dorcas, Novellie 1986), wildebeest (Gosling 1969; Estes et al. 2006) , topi (Dublin 1994) , buffalo (Estes et al. 2006) and elephants (Moss 2001) . The fact that high rainfall advanced births and increased fecundity rates further supports the notion that the ungulates probably use a mixed (capital plus income breeding) strategy to offset energy shortfalls during lactation. This strategy is likely to be more effective in systems with bimodal or year-round rainfall, ensuring relatively more prolonged and stable forage availability. If the optimal birth date arises from the synchrony between the peak in forage quality and that in nutritional demands of the lactating mother and newborn calf (Bunnell 1982; Côté and Festa-Bianchet 2001; Post et al. 2003) , and the need to replenish reserves for future reproduction while conditions are optimal (Gaillard et al. 1993b) , then timing and synchrony of births may vary with feeding and foraging styles, gut morphology and gestation length. Although our sample of six species was relatively small, timing and synchrony of reproduction were indeed clearly more marked for all the five grazing species than for the only browser, namely the giraffe, consistent with the findings of Leuthold and Leuthold (1975) and Foster and Dagg (1972) . But the less synchronised births for the giraffe could also equally reflect its longer gestation time (15 months) than that of the smaller species (Ahrestani et al. 2012) , as expected by H 5 . If so, this would conflate the effect of feeding style with that of gestation length.
Our results do not support the notion that larger species should have less seasonal births than smaller ones because of their longer gestation times as predicted by H 5 . Nonetheless, seasonal breeding probably becomes less adaptive as the length of the reproductive cycle extends beyond a year, partly because a long lactation period, such as that for giraffe, would be expected to alleviate any selective disadvantage which the young may experience (Hall-Martin et al. 1975; Owen-Smith 1988) . As well, the more protracted birth distribution for zebra than for wildebeest probably partly reflects the non-ruminant and less selective grazing style of zebra than of wildebeest. This suggests that interspecific distinctions in digestive physiology probably also contribute to shaping the phenology and synchrony of births. The breeding peak is expected to be adjusted to occur when food is most abundant and parturition to occur at, or shortly before, a time of plenty, subject to the constraint imposed by gestation length. Some of the differences in the timing and synchrony of births we observed were likely to be related to gestation length. Zebra with a gestation length of 12 months and giraffe with 15 months cannot synchronise their births with seasonal rainfall. They had less synchronised births than did topi and warthog, with gestation lengths of 6 and 8 months, respectively. Gestation length alone cannot, however, explain why birth peaks occur at different times for sympatric species with similar gestation lengths.
These findings are consistent with the observed variation in the timing of the birth peak among southern African ungulates. These range from October in tsessebe (Damaliscus lunatus) to December in wildebeest, January in kudus (Tragelaphus strepsiceros) and February in sable (Hippotragus niger), despite their similar gestation periods. Hartebeest and topi also have similar gestation lengths. But topi tends to have strictly seasonal births whereas hartebeest is a perennial breeder in East Africa. Distinctions other than gestation length alone are thus necessary to explain this difference, contrary to H 5 . Hartebeest mothers breed again within 9-10 months of calving, and may be followed by up to three offspring, the oldest being up to 2.5 years of age. But topi breeds only once a year and mothers are followed only by young of the year. The fact that topi is one of only three African bovids with a lek breeding system highlights the fact that its breeding system is among the most variable and dependent on the nature of the habitat. Follower calves may be the norm in large, aggregated herds, but topi young go through a hiding stage in small, resident herds. Hartebeest can survive on relatively sparse and poor-quality diets (Stanley-Price 1974) and thus tend to have a more inclusive geographical range and occur in areas with more variable rainy seasons than does topi (Simon 1962, p. 224) . In contrast, topi is restricted to high-rainfall areas (e.g. within 750-mm mean annual rainfall isohyet in East Africa, Sidney 1965), or close to swamps and water bodies that offer high-quality diets they prefer (Percival 1928, p. 148; Duncan 1975; Estes 1991) . The same could be true of zebra.
Interannual variation in sychrony of births for all the six ungulates was related to interannual variation in rainfall. Interspecific differences in synchrony of births among African ungulates have also been explained in terms of the hider-follower strategy (Estes 1976; Rutberg 1987; Sinclair et al. 2000) . Although we considered probably too few species to critically assess the effect of the hider-follower strategy on synchrony of births, recent studies that have considered many species (e.g. Zerbe et al. 2012) have found this dichotomy to have limited explanatory power, except, perhaps, for some African species. Thus, although wildebeest and zebra are the only two species whose young are fully cursorial, wildebeest produces 80% of their offspring in a 2-3-week peak period (Estes 1976) , whereas zebra does so in 8.6 months (starting in July) in the Mara-Serengeti. Furthermore, despite the expectation that predator swamping would benefit all three species, impala has a far more protracted birth distribution than do topi and warthog. Impala young follow their mothers within 1-2 days of birth and 80% of their offspring are born within 8.6 months in the Mara-Serengeti. Topi young follow their mothers after birth and 80% of them are born within 5.5 months. Warthog young follow their mothers after emergence from burrows and 80% of the piglets are produced in 4.9 months in the Mara-Serengeti. Hence, despite the small sample size, our results are largely discordant with the prediction that species with follower young have more synchronised births than those that hide their young (H 4 ).
Conclusions
Our results supported the expectation that birth peaks are associated with the wet-season early rains to match nutritional quality peaks but with strong interspecific variation in the strength of this association. Our results did not support the prediction that the association of birth peaks with the early wet-season rainfall differs significantly between short-and tall-grass grazers, with there being contrasting nutritional quality requirements among the five grazers. Nutritional quality at the time of conception appears important in influencing timing of births. The timing of birth peaks is advanced in wet years for all species, but with distinctions among species regarding the most influential rainfall component. The timing of birth peaks is, however, delayed in dry years for all the six species. Our results, furthermore, demonstrated that droughts are associated with protracted birth distributions and unseasonal calving and reduced synchrony of births, except for hartebeest that showed the opposite pattern. Droughts also reduced (topi and warthog) or increased (zebra, hartebeest, impala and giraffe) peak fecundity rates. Droughts are also associated with reproductive pauses or failures and with prolific calving in years following cessation of some droughts.
In contrast, rainy years are linked with advanced onset of births and increased synchronicity (except for hartebeest) and prolificity of calving (topi and warthog). The roles of gestation length or hider-follower dichotomy in shaping the timing and synchrony of births had weak support. The marked interannual variation we observed in seasonal distribution of rainfall makes adherence to a strict seasonal pattern of reproduction less adaptive among equatorial African savanna ungulates. Conversely, the more marked seasonality characteristic of subtropical latitudes (e.g. in southern Africa) increases seasonality of breeding in ungulates (e.g. hartebeest and impala). The interannual variation in the timing, synchronicity and prolificity of births implies a high degree of flexibility in adjusting to the constraining effects of rainfall variation on the timing of the onset and phenology of seasonal forage availability. Despite this high flexibility, if global warming disrupts the controlling mechanisms by increasing the climatic variability, and the frequency and severity of droughts, then the predictive power of meteorological cues, particularly of rainfall, could reduce and hence threaten the viability of the ungulate populations, as documented for temperature influences on temperate ungulates Bronson 2009; Burthe et al. 2011; Moyes et al. 2011) . This could reduce the synchronisation of births or conceptions with nutritional quality peaks, leading to more unseasonal and variable birth patterns and reduced reproductive success. The effect would likely be greatest for ungulate populations inhabiting more seasonal latitudes such as those in southern Africa.
